The dried petals of Echium amoenum Fisch. & C.A. Mey. are used for the treatment of many diseases but there are not any reports about the effects of drying conditions on their bioactive compounds. A complete 3 2 factorial design was used, where the independent variables were drying temperature (40°C-60°C) and air flow rate (0.5-1.0 m/s). The bioactive compounds studied were total phenolic, total flavonoid and anthocyanin contents, and antioxidant activity. The desirability index was used to predict the optimal drying conditions. Both independent variables were statistically significant. The optimal drying conditions were air velocity of 0.86 m/s at 60°C. The results show that the drying conditions play an important role in determining the final quality of the product, content of its bioactive compounds, and minimum drying time. 
Introduction
Echium amoenum (Boraginaceae) is a biennial or perennial herb indigenous to the narrow zone of northern part of Iran and Caucasus, where it grows at an altitude ranging from 60 to 2200 m. [1] Four species of Echium L. can be found in Iran. [2] It is an important medicinal plant in traditional Iranian medicine. [3, 4] Dried violet-blue petals of E. amoenum have been known for medicinal properties such as demulcent, anti-inflammatory, analgesic, and sedative, and used especially for the treatment of common cold and sore throat in the Iranian folk medicine. [3] [4] [5] [6] There are some reports about the anxiolytic effect of E. amoenum and some reports that it has the capacity to increase the cellular immune response. [7] Many countries are registering their standardized herbal drugs with numerous post-harvest preservation and management methods, but many are not economically feasible. Perhaps one of the most widely used herb preservation methods is dehydration. Care must be taken to set the drying parameters so that the herbs are not exposed to excessively high temperatures, causing major losses of their medicinal, culinary, nutraceutical, and visual properties, which would negatively affect the product value. Under the right conditions, drying can produce a sufficiently shelf-stable product without major losses in herb value.
are widely used in industries for drying of fertilizers, chemicals, pharmaceuticals, and minerals. The increasing application of fluidized bed drying for agricultural materials is due to the evolving designs of this method for fluidization of coarse material, which is rather difficult to fluidize. Compared with other drying methods, fluidized bed offers advantages such as high heat capacity, improved heat and mass transfer rates between the phases, and ease of handling and transport of fluidized solids. [10] Despite several reports that drying is generally unfavourable due to the possibility of inducing oxidative decomposition, either enzymatically or by thermal degradation of polyphenols, high antioxidant potential of dried fruits was reported by Kamiloglu and Capanoglu. [11] Additionally, increases in phenolic and flavonoid contents, as well as antioxidant activity, due to drying have even been reported. In this sense, water plays an important role in biological reactions, including physical, chemical, microbiological, and enzyme reactions. [9] Although there have been several investigations of the effects of processing on anthocyanin and polyphenolic content of various medicinal plants, [12, 13] to the best of our knowledge, there is no published work on the impact of drying of E. amoenum petals on their bioactive compounds. Investigation of optimal thermal processes for the drying of E. amoenum petals will provide an opportunity for the drug industry to produce a highly bioactive dried product. Therefore, different drying conditions were applied, and their influence on physicochemical quality, total phenolic, total flavonoid, and anthocyanin contents, as well as the percentage of radical scavenging activity was investigated, to select the optimal drying conditions and provide an insight in the physicochemical properties and the concentration of bioactive compounds of this plant.
Material and methods

Drying process
Fresh E. amoenum petals used in the drying experiments were collected from Ali-Abad (Golestan Province, Iran) between March and May. The petals without blemishes were selected for drying. They were stored at (4 ± 0.5)°C prior to the beginning of the tests. In order to determine the effect of drying conditions, the E. amoenum petals were dried in a fluidized bed dryer at 40°C, 50°C, and 60°C and air velocities of 0.5, 0.75, and 1 m/s. Drying experiments in a laboratory-scale fluidized bed dryer were described by Nadi. [14] Experimental design
The conditions applied in the experimental setups used for the drying of petals are based on a factorial design n m , where n is the number of levels and m is the number of factors. The air drying temperature and velocity were the two factors under study (m = 2), each at three levels (n = 3). Thus, nine treatments were required (3 2 ). Table 1 shows the decoded levels of the variables used in the experimental design to represent the experiments. 
Preparation of extracts
All samples were extracted with 50% methanol (v/v) followed by extraction with 70% acetone (v/v) according to the method described by Rufino et al. [15] to obtain the crude extract, which was later used in determining the phenolic content and in the antioxidant activity tests.
A mass of 2 g of the sample of dried petal powder was transferred to a 100 mL beaker and 4 mL of 50% methanol was added. The mixture was homogenized using a mixer with a steel shaft (ShimiFann Co., Tehran, Iran) and then left to rest for 1 h at room temperature. The supernatant was transferred to a 100 mL volumetric flask. A volume of 4 mL of 70% acetone was added to the residue from the first extraction, which was then homogenized and left to rest for 1 h at room temperature. The obtained supernatant was transferred to the same volumetric flask containing the first supernatant, and the volume was completed to 100 mL with distilled water. All extractions were performed in triplicate.
Determination of antioxidant activity
The DPPH method is based on the scavenging of the free DPPH (1,1-diphenyl-2-picrylhydrazyl) radical by antioxidants, measured as absorbance at 517 nm. The electrons are transferred from an antioxidant compound to the free radical, DPPH, which loses its purple colour when reduced. Briefly, 1 mL (0.1 mM) of DPPH solution in methanol was mixed with 3 mL of sample solution in water. Finally, after 30 min, the absorbance was measured at 517 nm. Decrease of the absorbance of DPPH solution indicates an increase of the DPPH radical scavenging activity. To assess the radical scavenging activity, the percentage of inhibition was obtained using the following equation:
where A cotrol is the absorbance of control reaction and A sample is the absorbance in the presence of test or standard sample.
Determination of total phenolic content
Total phenolic content was estimated using Folin-Ciocalteu's assay. [16, 17] A mass concentration of 10 mg/mL of extract was mixed with 1.0 mL of Folin-Ciocalteu's reagent, 0.8 mL of Na 2 CO 3 was added and the volume was then increased to 10 mL using water/methanol (4:6) mixture as diluting fluid. Absorbance was read at 740 nm after 30 min using a UV/Vis spectrophotometer (type 108, Systronics, Ahmedabad, Gujarat, India). Standard calibration curve was obtained using 0-800 mg/ L of tannic acid, and total phenolic content was expressed in milligram of tannic acid equivalents (TAE) per 100 g of sample.
[18]
Estimation of total flavonoids
The total flavonoid content (TFC) was estimated using the Dowd method as adapted by Arvouet-Grand et al. [19] A volume of 5.0 mL of 2% aluminium trichloride in methanol was mixed with the same volume of the extract solution (10 mg/mL). Absorbance readings at 415 nm using spectrophotometer (type 108, Systronics) were taken after 10 min against a blank sample consisting of the extract solution with 5.0 mL of methanol without AlCl 3 . The TFC was determined using a standard curve with quercetin and expressed in grams of quercetin equivalents per 100 g of sample.
Determination of anthocyanins
Determination of anthocyanin content was carried out using the method of Wagner. [28] A mass of 0.1 g of sample was soaked in 10 mL of acidified methanol (methanol/HCl = 99:1, v/v). The tissue was crushed and kept at 25°C for 24 h in the dark. The extracts were then centrifuged at 4000g for 5 min at room temperature. The absorption rate of the supernatant was read by spectrophotometer (type 108, Systronics) at 550 nm. To calculate the amount of anthocyanins, the molar absorption coefficient of 33,000 mol -1 cm -1 was used and anthocyanin content was expressed in micromoles per gram of fresh mass.
Energy consumption
During the experiments, total energy needed for drying one charge of the heater and energy requirement for drying 1 kg of fresh E. amoenum petals were calculated for each experiment using the following equation: [20] E t ¼ Avρ a c a ΔTt drying (2) where E t is total energy (kWh) needed for drying, A is tray area (m 2 ), v is air velocity (m/s), ρ a is air density (kg/m 3 ), t drying is total drying time (h), ΔT is temperature difference (°C), and c a is the specific heat (J/kg°C).
Results and discussion
Effect of drying conditions on antioxidant activity
Drying process generally results in a depletion of naturally occurring antioxidants in raw materials from plants. [21] Intense and/or prolonged thermal treatment may be responsible for a significant loss of natural antioxidants, as most of these compounds are relatively unstable.
The antioxidant activity determined using DPPH radical was evaluated in the samples both before and after drying. The evaluation of different reaction kinetics of dried E. amoenum petal extracts depended on the nature of the tested antioxidants. As can be observed in Table 2 , drying temperature and air velocity had a significant influence on the antioxidant activity (p < 0.01).
Antioxidant capacity of fresh E. amoenum petals was 89.70% and it decreased progressively with drying due to heat damage and reduction in moisture content. The resulting decrease of antioxidant capacity when the product reached the final moisture level of 0.05 kg/kg of dry mass at air velocity of 0.5 m/s was 34.19%, 43.74%, and 82.16% when drying at 40°C, 50°C, and 60°C, respectively, compared with fresh samples. Corresponding values at air velocity of 0.75 m/s were 45.32%, 37.68%, and 24.38%, and at air velocity of 1.00 m/s were 49.94%, 31.82%, and 43.03% at the same 
where TAC is total antioxidant capacity, T is temperature, and v is air velocity. The data treatment shows that 88.52% of the antioxidant activity variability was explained by Eq. (3). The residuals were also appropriately distributed. From this equation, it is possible to construct the plot shown in Fig. 1A , where the effect of temperature and air velocity on the antioxidant activity can be seen. At intermediate air velocity, the antioxidant activity was higher at lower temperature. Decrease in the antioxidant activity as a consequence of the increase of temperature has been reported by Wang and Lin, [22] Wang et al., [23] Mori et al., [24] and Morales-Delgado et al. [25] Petals dried at 50°C and 1 m/s had the highest DPPH values (61.16%), while petals dried under other conditions had lower antioxidant activity. The possible reason is that a lower decomposition of lycopene, α-tocopherol, and β-carotene at this temperature leads to a higher retention of antioxidant activity. Kha et al. [26] and Auisakchaiyoung and Rojanakorn [27] reported that the loss of antioxidant activity of gac aril increased when the air drying temperature was increased from 40°C to 80°C.
Effect of drying conditions on total phenolic content
Phenolic compounds structurally involve an aromatic ring that bears one or more hydroxyl substituents. They range from simple phenolic molecules to highly polymerized compounds. [28] Scientific works that study the effects of drying on vegetable phenolic compounds concluded that they vary from having no effect at all, [29] to significant losses [30] [31] [32] [33] [34] or enhancement of total phenolic content (TPC). [35] [36] [37] plants, or even within the same medicinal plant. These differences may be attributed to the complexity of these groups of compounds as well as to extraction and analysis methods. [45] Evaluation of TPC losses in dried E. amoenum petals allowed the determination of the effect of different drying conditions on TPC change. Statistical analysis of variance (ANOVA) clearly shows the differences between the TPC values (p < 0.01) among the treatments. According to Nadi, [14] the effect of air velocity and drying temperature on TPC losses is highly significant (p < 0.01), that is at 60°C, the highest drying temperature, degradation of total phenolics was the weakest (30.86%, 24.69%, and 23.46% at air velocity of 0.5, 0.75, and 1 m/s, respectively). High drying temperatures can cause inactivation of enzymes responsible for the oxidation of polyphenols, such as polyphenol oxidases and peroxidases, present in plant materials, [31, 36] while the formation of phenolic compounds at high temperatures could be caused by the availability of phenolic precursor molecules through non-enzymatic interconversion between phenolic molecules, [38] which is probably due to high convective forces acting at the air-solid interface, and retarding heat diffusion into the petals. Also, the formation of phenolic compounds at high temperatures can possibly be explained by their liberation during drying. Phenolic glycosides are localized in hydrophilic regions of cells such as vacuoles and apoplasts or as other soluble phenols in the cytoplasm and in the cell nuclei, [39] where they seem to get a protective heat shield by the cell wall material. Internal resistance to heat diffusion is therefore an important parameter to be considered during heat treatment when regarding the quality of dried petals. Haard and Chism [40] determined that the phenolic compounds in plants act as metabolic intermediates and normally accumulate in cellular vacuoles. Similarly, maximum TPC reduction was observed in onion dried at 50°C, and lower reduction at 70°C. [41] Gupta et al. [36] and Garau et al. [42] concluded that longer drying times result in higher reduction of TPC in orange byproducts, even at lower drying temperature. TPC reduction at lower temperature can also be caused by the binding of polyphenols with other compounds or by the modification of their chemical structure following heat treatment, which would prevent them from extraction and determination by the adopted methods. [43, 44] The following equation was derived from the experimental data in order to express the relationship between the TPC and the independent variables. Statistical results show that 91.06% of TPC variability can be explained by this equation, with independent and identical distribution: 
The effect of temperature and air velocity on TPC is shown in Fig. 1B . A non-linear behaviour can be observed, with higher TPC values at higher temperatures (60°C).
Effect of drying conditions on flavonoid content
Flavonoids constitute the largest group of plant phenols and account for over half of the 8000 naturally occurring phenolic compounds. [45] The potential health benefits of flavonoids and other phenolic compounds are supported by epidemiological and in vitro evidence of antioxidant, cardioprotective, and anticarcinogenic activities. They also protect against other non-transmissible chronic diseases.
[46] Table 3 shows that air velocity and drying temperature were significant factors that affect the variation of TFC during fluidized bed drying (p < 0.01). It can be seen that the concentration of total flavonoids in the extracts of dried petals was always lower than in those of fresh petals; however, the flavonoid content gradually increased as the drying temperature increased. The highest TFC was in the petals dried at 60°C
. These compounds might form at high temperatures because of the availability of precursors of these molecules by non-enzymatic intermolecular interconversion. [47] These findings are in agreement with previous investigations by Ben Haj Said et al. [48] of dehydrated Allium roseum leaves and Duzzioni et al. [49] of drying acerola (Malpighiaemarginata D.C.) residue. TFC loss in dried petals varied from 6.93% to 68.26% compared with fresh petals, and was relatively lower than the TPC loss. The loss of flavonoids was lower when drying in fluidized bed at 60°C (19.57%, 6.93%, and 23.91% at air velocity of 0.5, 0.75, and 1 m/s, respectively) than at other measured temperatures. The loss of flavonoids during drying might be due to the process conditions, in particular the temperatures and the duration. [50] Davey et al. [51] reported that thermal processing can cause thermal breakdown of the phytochemicals, affecting the integrity of the cell structure, which then results in the migration of components, and leads to losses by leakage or breakdown through various chemical reactions involving enzymes, light, and oxygen. According to Korus [33] flavonoid loss can also be explained by their oxidation, which is promoted by hot air drying.
From the experimental results an equation has been obtained to describe the variation in the TFC as a function of the independent variables (Eq. 5). The statistical results show that 97.15% of the TFC variability is explained by Eq. (5) 
The response surface plot of the TFC after drying is shown in Fig. 1C . It can be observed that at 60°C and 0.8 m/s, the TFC was at its highest level (0.22 g/mg of dry matter).
Effect of drying conditions on anthocyanin content
Anthocyanins form the largest group of water-soluble natural pigments from plants that provide red, blue, and violet colours to flowers, fruits, vegetables, other food products. They are active compounds, sensitive to pH, temperature, light, oxygen, enzyme, and sulphur dioxide. Anthocyanins have been reported to be destroyed by high heat during processing and storage of food. [52] Total anthocyanin content in fresh and dried E. amoenum petals is shown in Table 4 . Fresh samples had an average anthocyanin content of 0.58 μmol/g (dry mass basis), while drying decreased it. The effect of different drying conditions was found to be significantly different at p ≤ 0.01. The mechanism of thermal degradation of anthocyanins is not understood well, although a number of pathways have been proposed. Their degradation depends on the temperature and duration of treatment. Means with different letters indicate significant differences (α = 0.01) at different drying conditions according to the method of Duncan's multiples ranges.
Although the anthocyanin content was reported to decrease at higher temperature, in this work the drying air temperature of 60°C proved to be the optimum to retain the highest amount of phenolic compounds. This result is similar to that reported by Wiriya et al., [53] Garba et al., [54] and Katsube et al. [55] and is in agreement with the previous finding that processing involving high temperature and short treatment time is recommended for maximum anthocyanin retention in food. [56] If heating is not extreme or prolonged, the process of degradation is partially reversible, which is why at high temperature anthocyanin content is high.
Anthocyanin content in samples treated at 60°C was significantly higher than in those treated at 40°C and 50°C. The lower anthocyanin content at 50°C might be due to longer exposure to heat. In the work by Nadi and Abdanan, [57] the duration of drying decreased from 7 to 1 h with the increase of temperature from 40°C to 60°C. The observations are in agreement with the statement that heat is the most destructive factor for anthocyanins and, consequently, long exposure to drying accelerates degradation of these compounds. [13] To minimize thermal destruction of anthocyanins, short-time processes at high temperature are recommended. [58] According to the results, the stability of E. amoenum petal anthocyanins gradually increased with the increase of heating temperature and shorter heating time. Figure 1D shows the variation in the anthocyanin content as a function of temperature and air velocity. A strong non-linear behaviour was observed, and the best drying results were achieved at intermediate air velocities.
Energy consumption under different drying conditions
Performance evaluation of an industrial inclined bed dryer is needed to determine the influence of temperature and air flow on the energy consumption and quality of the dried product. The effect of two independent variables on the energy consumption was examined using the coefficients of the second-order polynomial regression equations. A three-dimensional surface plot shows clearly the effect of independent variables (air velocity and drying temperature) on the energy consumption during drying of E. amoenum petals (Fig. 2 ). The energy consumption decreased with an increase in the drying temperature and air velocity. This behaviour may be caused by excitation of molecules, when molecules are highly excitated at increased temperature, and the greater distance weakens the attractive force between them. [59] A linear term was fitted for predicting the energy consumption (EC) using the following equation: 
The optimum energy consumption (i.e. the lowest EC value of 1.05 kW/h) was predicted to be obtained at the drying temperature of 57°C and air velocity of 0.5 m/s using response surface plot and response optimizer. These results are in agreement with Aghbashlo [60] for barberry fruit and Amiri Chayjan [61] for potato. Statistical analysis shows that 91.06% of energy consumption variability is explained by Eq. (7), with independent and identical distribution.
Optimization of response
Complex chemical interactions that affect functional properties of food and medicinal plants during drying are still under investigation. Therefore, an optimum combination of drying conditions should be established for each product to minimize the degradation of bioactive compounds during dehydration. In order to obtain dried E. amoenum petals with the minimum energy consumption and maximum total phenolic, flavonoid and anthocyanin content, and antioxidant capacity, the optimal fluidized bed drying conditions were determined based on the combination of both responses (highest retention of bioactive compounds at minimum energy consumption). Multiple graphical and numerical optimizations were carried out to determine an optimum level of independent variables with desirable response results. The following optimal conditions for the responses were obtained: drying temperature of 60°C and air velocity of 0.86 m/s, with a desirability value of 0.91. Using the optimum conditions, the corresponding predicted response values of TPC, TFC, anthocyanin content, antioxidant capacity, and energy consumption were 0.63 mg/g of dry matter, 0.22 mg/g of dry matter, 0.31 µmol/g, 53.70%, and 1.72 kWh, respectively.
Conclusion
Dried E. amoenum petals can be considered as an important source of biologically active compounds with high antioxidant capacity. The stability of the compounds highly depends on drying conditions. Controlled fluidized bed drying conditions (temperature and air velocity) can lead to high-quality medicinal plant product with high phytochemical content and antioxidant capacity. The highest content of bioactive compounds, with minimum energy consumption, was obtained after drying at 60°C and air velocity of 0.86 m/s. The physiochemical changes in the samples during dehydration can significantly affect the physiological activities of this plant. High temperature and intermediate air velocity should be used in order to guarantee the best preservation of bioactive compounds that characterize this plant and to protect its biological activities. The results of this research are essential for the improvement of industrial dehydration of E. amoenum petals in order to maintain their high content of bioactive compounds.
